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a b s t r a c t

We investigate the origin of the steep compositional gradient inferred for the Galilean satellites. We ana-
lyze N-body simulations of satellite accretion (Ogihara, M., Ida, S. [2012]. Astrophys. J. 753, 60) to: (1)
determine the extent to which individual satellites accrete material from different semi-major axes
(‘radial mixing’); and (2) calculate the change in rock:ice ratios due to vapor production or physical ero-
sion during collisions. Because of inwards migration, satellites experience enough radial mixing that any
initial compositional gradient is efficiently smoothed out. Mean-motion resonances generally prevent
large proto-satellites from colliding with each other; as a result, neither vapor production nor physical
erosion are capable of explaining the steep compositional gradient. According to the models presented
here, even combining an initial compositional gradient with impact-related mass loss cannot reproduce
the observed gradient. Some other physical process must have been responsible, perhaps tidally-driven
volatile loss at Io and Europa. Impact-related mass loss was probably more important in the saturnian
system, and may explain some of the observed satellite diversity there.

� 2013 Elsevier Inc. All rights reserved.

1. Introduction

It has been known since Voyager that the four major Galilean
satellites exhibit an orderly progression in density (and thus ice
mass fraction) with semi-major axis (e.g. Pollack and Fanale,
1982): close-in Io is ice-free, while distant Callisto is ice-rich (Ta-
ble 1). This progression is not replicated in the saturnian system;
nonetheless, it provides an important constraint on how the Gali-
lean satellites formed and evolved.

Broadly speaking, there are three possible explanations for this
progression.

First, there may have been a compositional gradient in the
material from which the jovian satellites formed (e.g. Lunine and
Stevenson, 1982). For instance, an ‘‘ice line’’ may have existed, at
a (time-dependent) location determined by the temperature and
density of the proto-satellite gas disk. In this scenario, Io naturally
formed ice-free, while the outer satellites accreted at least part of
their mass from beyond the ice line. The characteristics of the pro-
to-satellite disk are strongly influenced by the manner in which
Jupiter itself grew. Thus, if this hypothesis is correct, it provides
information not only on satellite formation, but also on Jupiter’s
evolution.

Second, ice which was initially accreted may have been lost to
varying degrees through subsequent tidal heating (e.g., Canup
and Ward, 2009 and see Section 4.2). Io is prodigiously volcanically
active; any water initially present in its interior would have long
since been outgassed and lost. Europa’s mean surface age of
�50 Myr (Zahnle et al., 2003) indicates ongoing geological activity,
potentially sufficient to have caused significant mass loss over
4 Gyr (as is currently happening at Enceladus). Ganymede and Cal-
listo have both been largely inactive for �2 and 4 Gyr, respectively
(Zahnle et al., 2003). The main difficulty with this hypothesis is
that, compared with Ganymede, Europa appears to have lost
roughly 90% of its original water inventory (Table 1), so if this
hypothesis is correct, we are likely to be seeing Europa at a special
time in its history.

The third suggestion is that ice loss occurred as a by-product of
accretion. One possibility is that small satellitesimals may have
had ice ablated during passage through the gas disk (Mosqueira
et al., 2010b). Alternatively, ice may have been lost during impacts
(Stevenson et al., 1986, p. 81), either by mechanical removal of
near-surface material, or by vapor production and escape. The
key here is that impact velocities are systematically higher deeper
in Jupiter’s gravity well, potentially leading to preferential ice re-
moval in the inner disk.

This latter hypothesis has been less intensively studied than the
other two, although recent attention has been paid to the effect of a
later (post-accretion) bombardment on the degree of differentia-
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tion of Callisto (Barr and Canup, 2010) and Titan (Barr et al., 2010),
and on volatile loss from icy satellites (Nimmo and Korycansky,
2012). In the current work, we analyze results from a recent N-
body satellite accretion study, and conclude that neither vapor pro-
duction nor mechanical erosion are likely to have caused the
strong compositional gradient observed in the Galilean satellites.
We also examine the extent to which satellites accrete material
from different initial semi-major axes (a process hereafter referred
to as ‘radial mixing’). We find that radial mixing is sufficiently
strong that any initial compositional gradient is rather efficiently
flattened. As a result, it is difficult to explain the current observed
compositional gradient. It appears that some additional physical
mechanism is required. One possibility is the tidal heating hypoth-
esis, which is discussed further in Section 4.2.

The rest of this manuscript is organized as follows. In Section 2
we describe the N-body code and results, and then detail our ana-
lytical procedures. In Section 3 we present the results of our phys-
ical erosion, vapor loss, and radial mixing calculations, and
compare them with the Galilean satellite characteristics. In Sec-
tion 4 we discuss the mismatch between the results and observa-
tions, and suggest some further avenues of exploration. Section 5
summarizes our conclusions.

1.1. Previous work

Although N-body codes have been used for some time to inves-
tigate planetary accretion (e.g., Chambers and Wetherill, 1998; Ag-
nor et al., 1999; O’Brien et al., 2006), only recently have similar
techniques been applied to the problem of satellite formation. Can-
up and Ward (2006) carried out an investigation of satellite accre-
tion under the influence of inwards (type I) migration due to the
presence of gas, while Ogihara and Ida (2012) performed a similar
study, but included the effect of an inner edge to the gas disk.
Semi-analytical approaches have also been used to investigate sa-
tellite accretion (e.g., Canup and Ward, 2002; Mosqueira and Estra-
da, 2003; Mosqueira et al., 2010a; Sasaki et al., 2010; Charnoz et al.,
2011); these allow parameter space to be explored much more effi-
ciently, but may not include all relevant physical effects (such as
resonant interactions).

To date, most N-body accretion codes have assumed that all col-
lisions are 100% efficient. While computationally convenient, this
approach neglects important physics: collisions may result in
incomplete accretion, bounces, or fragmentation (e.g., Asphaug,
2009; Leinhardt and Stewart, 2012), all of which may change the
overall accretion process. Some planetary accretion codes have be-
gun to include collisional outcomes in addition to perfect merging
(e.g., Alexander and Agnor, 1998; Leinhardt and Richardson, 2005;
Chambers, 2008; Kokubo and Genda, 2010; Chambers, 2013); how-
ever, these codes have not yet been applied to satellite accretion.
Occasionally, perfect merging N-body codes have been analyzed
with collisional post-processing (e.g., Kokubo and Genda, 2010;
Stewart and Leinhardt, 2012).

The processes occurring during individual collisions have also
been studied extensively using smoothed-particle hydrodynamic
(SPH) codes (Monaghan, 1992). Again, most attention has been
paid to silicate bodies, but SPH techniques have been applied to
investigate compositional diversity in the Saturn system (Sekine

and Genda, 2012; Asphaug and Reufer, 2012), tidal disruption of
a proto-Titan (Canup, 2010), and the origin of Charon (Canup,
2005).

2. Methods

2.1. Overview

The present-day ice mass fraction (fice) of the Galilean satellites
may have been controlled by the manner in which they accreted. In
particular, some collisions can cause mass loss (erosion). We inves-
tigate two styles of mass loss: physical erosion and vapor erosion.
In the physical erosion scenario, the mass added or subtracted to
the target during a collision is calculated depending upon the im-
pact velocity, the total mass, and the mass ratio of the impactor to
the target (Section 2.4). In the vapor erosion scenario, we focus on
the effects of removal of ice during high speed collisions via vapor
production and escape (Section 2.5). As described below, these two
scenarios have slightly different consequences for how the bulk
chemistry of the surviving bodies evolve. Although in reality both
processes probably occur simultaneously, it is conceptually sim-
pler to treat them separately.

The accretion code is that of Ogihara and Ida (2012), hereafter
OI12, the output of which is a time-ordered list of collisions and
collision parameters. That code assumes that all collisions result
in perfect merging and tracks total mass. We calculate the effects
of imperfect collisions on mass and bulk chemistry as a post-pro-
cessing step. Because the accretion code only produces one final
body in each collision, we only keep track of the largest final rem-
nant of each collision in our post-processing. This means that the
collisions are not dealt with in a fully self-consistent fashion, which
is unfortunate but unavoidable; we have tried to be as internally
consistent as possible for this first examination of the problem
(Section 2.3).

2.2. Accretion model

OI12 modeled the accretion of the Galilean satellites using an
actively supplied gas-starved disk model (aka a ‘slow inflow mod-
el’, Canup and Ward, 2002; Canup and Ward, 2006). The model in-
cludes gas (which is removed at some set time) and solids. The
model begins with a few solids; more are added through time as
discrete bodies with initial sizes depending on initial location.
The gas surface density is dependent upon the gas inflow rate,
which follows an exponential decay. The gas disk is truncated at
a specified inner edge (5RJ, where RJ = Jupiter’s radius).

Bodies are added to the disk between 5RJ and 30RJ and any body
which reaches 4RJ is lost from the system. All runs begin with the
same nine bodies in the same locations; the mass and location of
additional bodies is randomly determined on the assumption that
the solid mass surface density is dependent on radius. The mass of
an added satellitesimal is proportional to the cube of the distance
to Jupiter.

The orbits of the satellitesimals evolve as a result of mutual
gravitational perturbations and resonances, type I migration, and
circularization via gas drag. The remaining gas is abruptly removed

Table 1
The Galilean satellites, values taken from Schubert et al. (2004).

Body Mass (10�5 MJ) fice Density (g/cc) Semimajor axis (RJ) vesc (km/s) vorb (km/s)

Io 4.7 0.00 3.53 5.9 2.6 17.3
Europa 2.5 0.08 2.99 9.4 2.0 13.7
Ganymede 7.8 0.45 1.94 15.0 2.7 10.9
Callisto 5.7 0.56 1.83 26.4 2.4 8.2
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at �106 yr. Impacts occur when two bodies touch each other; all
collisions are perfect mergers and conserve momentum.

2.2.1. The results of OI12
OI12 ran 7 separate cases with distinct model parameters, each

of which consisted of 3 runs with different random seeds, giving
rise to 21 runs total. The cases vary the gas surface density, the so-
lid inflow rate, the type I migration speed, and the presence/ab-
sence of a snow line. The final masses of the satellites are
dependent primarily upon the solid inflow rate.

The innermost body establishes itself near the inner cavity of
the disk because it is caught in an eccentricity trap (Ogihara
et al., 2010). An eccentricity trap occurs when a body in an ellip-
tical orbit crosses the inner edge of a disk. The body experiences
a torque from the gas disk which can counterbalance the torque
from type I migration; as a result, the body can maintain its po-
sition near the disk edge. This innermost body then establishes
resonances with other inwardly-migrating bodies; these bodies
form a ‘‘resonant train’’ and are thus prevented from undergoing
further inward migration. As a result collisions between two
large bodies are impeded. The resonances and the presence of
gas also have an effect on impact velocity (this is discussed later
in Section 3).

In the absence of resonances, large bodies move inward due to
type I migration and they accrete other satellitesimals while
migrating. As a result, the innermost body experiences the most
mixing (as it sees the majority of the disk) while the outermost
body experiences less mixing (as it has migrated across less of
the disk). However, those are guidelines, not rules, as accretion is
a stochastic process and scattering does occasionally occur.

2.3. Common processes

We base our post-processing erosion treatments on the model
of Leinhardt and Stewart (2012), hereafter LS12, and modify it
slightly (as discussed below). They present an analytical model
for the masses of the final bodies after an impact which takes into
account the impactor mass (Mi), target mass (Mt), mass ratio
c ¼ Mi

Mt

� �
, impact angle (h; head-on is 0�), and impact velocity (vi).

MF is the mass of the largest final body post-impact and
MR = Mi + Mt is the total mass of the colliding system.

For every impact, several threshold velocities are calculated and
compared with the actual velocity of the impact and impact angle
in order to determine the appropriate impact style. Formal defini-
tions are given in Appendix A. The impact styles as defined in this
work are:

1. ‘total accretion’: at sufficiently slow velocities v i < v 0esc

� �
, accre-

tion is total (this is physically the same as a ‘perfect merging’
impact event). Here v 0esc is the geometry-modified escape veloc-
ity and is defined in Appendix A. MF = Mt + Mi.

2. ‘hit & run’: when a grazing impact occurs at moderate impact
velocities, the target survives approximately unchanged while
the impactor may be disrupted. MF = Mt.

3. ‘partial accretion’: when a nongrazing impact occurs at moder-
ate impact velocities, the target accretes some of the impactor.
Mt < MF < Mt + Mi.

4. ‘erosive’: at higher impact velocities, the largest final body is
smaller than the target. MF < Mt.

5. ‘supercatastrophically erosive’: at very high impact velocities,
the largest final mass retains less then 10% of the total mass
of the collision. MF < 0.1MR.

‘Nongrazing’ is defined as h 6 hcrit, where hcrit is the critical angle
for grazing and is defined in Table 2. hcrit occurs when the center of
mass of the impactor just passes through the target body (for this

calculation, the pre-deformation geometry is used). As a result, in a
nongrazing impact, a majority of the impactor interacts with the
target. ‘Grazing’ is defined as h > hcrit and occurs when the center
of mass of the impactor does not pass through the target body
and as a result, less than half of the impactor mass interacts with
the target.

We assume that all bodies are initially differentiated with an icy
mantle and a rocky core; the ice mass fraction is designated fice. We
initially assume that all bodies begin with the same fice (0.55 is
standard in this work) which can subsequently be modified by ero-
sion or vapor loss. We examine the effect of these assumptions be-
low in Sections 3.4 and 4.

In the case of partial accretion and erosive impact styles, the
fice treatment is dependent upon the erosion scenario. In the case
of total accretion, hit & run, and supercatastrophically erosive
impact styles, the calculation of fice is the same for both erosion
scenarios. In the case of a total accretion impact, the final body
is composed entirely of the impactor and target. In the case of a
hit & run impact, the largest final body is identically the target.
In the case of a supercatastrophically erosive impact, the fice va-
lue of the resultant body is determined by assembling the final
body from the core of the target and then core of the impactor,
until the body is complete. Due to the definition of supercata-
strophically erosive (i.e., MF 6 0.1MR) and due to the fact that
we only track the largest body from each collision, the largest
body resulting from a supercatastrophically erosive collision in
this work is always all core.

2.4. Physical erosion scenario

In the physical erosion scenario, the primary loss mechanism is
partial fragmentation of the colliding bodies; the fragments are as-
sumed to be subsequently removed from the system (e.g., by scat-
tering, gas drag, or Poynting–Robertson drag). We assume initially
differentiated bodies, so that erosion of material will preferentially
remove ice. Once all the ice present has been removed, rock is then
eroded (in practice, few collisions are sufficiently energetic to
erode rock).

LS12 calculate the mass of the largest final body post-impact
using the disruption coefficient Q R=Q 0�RD

� �
, which is a measure of

how erosive/disruptive a collision might be. The relationship be-
tween MF and QR=Q 0�RD

� �
is set by the impact style.

The parameter Q R=Q 0�RD

� �
depends on the collision parameters as

follows:

Q R

Q 0�RD

� 4:711� 108 kg2=3s2

m2

 !
ð1þ cÞ�2:16 1

a
þ c

� ��1:45 c1:80v2
i

M2=3
R

ð1Þ

where a is the estimate of the fraction of the impactor which inter-
acts with the target and is defined in Table 2. Note that some of the
exponents in Eq. (1) are approximate. The derivation and the exact
formulation of Eq. (1) is given in Appendix B. Larger QR=Q 0�RD

� �
val-

ues indicate more erosive collisions and occur for large vi/vesc, large
c, and for head-on impacts. As c decreases (as the mass ratio be-
comes more dissimilar), QR=Q 0�RD

� �
approaches zero. Total accretion

occurs when the impact velocity is sufficiently slow that no
material can reach the escape velocity of the colliding mass (i.e.,
Mt + aMi). At QR=Q 0�RD

� �
=9/5, the largest fragment post-collision is

one tenth the total mass, which is the criterion for a body to be con-
sidered supercatastrophically eroded. As the impact angle goes
from head-on to grazing (as h increases), less and less of the impac-
tor interacts with the target, resulting in less erosion (all other
parameters held constant).

QR=Q 0�RD

� �
is calculated in order to determine the type of impact.

When calculating Q R=Q 0�RD

� �
, the values of Mi, Mt, and vi are taken

from the output of OI12; this is done so that values of Q R=Q 0�RD

� �
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are self-consistent with the accretion code. In contrast, the values
of Mi and Mt used in calculating the post-collision mass (MF, see Eq.
(2)) are those inherited from previous post-processing steps (i.e.,
including erosion). This is in order that our tracking of the chemis-
try and mass may be as self-consistent as possible. MF is then cal-
culated1 according to Q R=Q 0�RD

� �
and the impact style (Leinhardt and

Stewart, 2012):

MF

MR
¼

1 if ‘total accretion’ impact
Mt=MR if ‘hit & run’ impact
1� 1

2
QR

Q 0�RD
if ‘partial accretion’ or ‘erosive’

impact

0:1� 1:81:5 QR
Q 0�RD

� ��1:5
if ‘supercatastrophically erosive’

impact

8>>>>>>>>>><
>>>>>>>>>>:

ð2Þ

where MF is the mass of the largest post-collision body (in our post-
processing, we treat the largest post-collisional body as the only
product of the collision). Small values for QR=Q 0�RD

� �
indicate efficient

accretion and a post-collisional mass which contains the majority of
the pre-collisional mass.

For partial accretion and erosive impacts, the fice value of the
resultant body is determined by assembling the final body from
these reservoirs in this order until the body is complete: core of
the target, core of the impactor, mantle of the target, mantle of
the impactor. For partial accretion, this order is in line with SPH
simulations (Asphaug and Reufer, 2012) and has been used else-
where (Stewart and Leinhardt, 2012). For erosive impacts, this or-
der probably overestimates the ice loss (Marcus et al., 2010).

Fig. 1 shows how MF varies as a function of vi for two sets of col-
lision properties. Collision set 1 is nongrazing (h = 0�, i.e., head-on)
and is plotted in green while collision set 2, in blue, gives grazing

impacts (h = 45�, which is a more common impact angle). Both col-
lision sets use the same mass ratio and total mass (c = 0.1 and
MR = 1023 kg � 5.3 � 10�5MJ). The different collision types are de-
noted with different line styles.

The grazing and nongrazing impacts both result in total accre-
tion for low vi; however, they transition into the next collision re-
gime at different velocities. Nongrazing impacts experience partial
accretion and grazing impacts experience hit & run collisions. At
the point where MF = Mt, impacts enter the ‘erosive’ regime regard-
less of impact angle. At sufficiently high velocities, the impact style
becomes supercatastrophically erosive, and the final mass de-
creases more gradually with increasing vi.

Table 2
The definition of variables used in this work. The values of constants are given in Table 3.

Variable Definition First use

f Heat dissipation factor Section 4.2
fice Ice mass fraction Section 2
i Subscript denoting ‘impactor’ –
M Mass of a body –
MF Mass of the largest fragment post-collision Eq. (2)
Mvap Mass of the vapor cloud Eq. (3)
MR Mi + Mt Section 2.3
QR Reduced specific impact energy Eq. (B.1)
Q 0�RD Catastrophic disruption criterion Eq. (B.2)
R Radius Eq. (4)
Ri,Rt radius of impactor, target ðð3Mi;t=ð4p�qÞÞ1=3Þ a

t Subscript denoting ‘target’ –
veros Velocity lower bound to ‘erosive’ regime Appendix A
vesc Mutual escape velocity

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2GMR=ðRt þ RiÞ

p� �
–

v 0esc Geometrically modified escape velocity Appendix A
vi Impact velocity –
vorb Orbital velocity –
vsupercat Velocity lower bound to ‘supercatastrophically erosive’ regime Appendix A
a Estimated fraction of impactor which interacts with target

3RiðRtþRiÞ2ð1�sin hÞ2�ðRtþRiÞ3ð1�sin hÞ3

4R3
i

� �
Eq. (1)

c Mi/Mt Section 2.3
h Impact angle (0� is head-on) Section 2.3
hcrit Grazing/nongrazing transition arcsin ðMt Þ1=3

ðMt Þ1=3þðMiÞ1=3

� �
Section 2.3
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supercat. erosive
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Vimp(Vesc)

302520

Fig. 1. MF/MR vs vi for two sets of impact properties. Both sets use c = 0.1 and
MR = 1023 kg � 5.3 � 10�5 MJ. The green line corresponds to h = 0� and the blue line
to h = 45�. The different collision types which occur are designated by line type:
total accretion (dash–dot), partial accretion (solid line), hit & run (dash–dot–dot),
erosive (dash), and supercatastrophically erosive (dotted). Due to the impact angles,
hit & run impacts are not possible for the h = 0� set and partial accretion impacts are
not possible for the h = 45� set. MF is defined in Eq. (2) and the collision types are
defined in Appendix A. Here and elsewhere, we calculated v 0esc assuming a bulk
density of 2 g/cc. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

1 We checked our formulation for MF/MR against the online calculator based on
LS12 which is available at http://www.fas.harvard.edu/planets/sstewart/resources/
collision/.
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2.5. Vapor erosion scenario

In the vapor erosion scenario, the primary loss mechanism is es-
cape of vaporized target ice. We impose a threshold velocity rela-
tive to vesc below which vapor does not escape the body (see
below).

In this scenario, the ‘partial accretion’ and ‘erosion’ style of im-
pacts are broken down into three types of collisions: (a) no vapor
produced (thus total accretion), (b) vapor produced but retained
(thus total accretion), and (c) vapor produced which escapes. Only
the last of these cases results in modification of bulk chemistry.

Based on the shock properties of ice, we require that vi P 6 km/
s for vapor production to occur (Kraus et al., 2011). If vapor is pro-
duced, we require vi/vesc P 5 in order for vapor to escape; physi-
cally, the escaping vapor plume has to overcome gravity. This
assumption is based on the Cartesian numerical results of Ong
et al. (2010), who found a transition between approximately all va-
por retained and approximately all vapor lost at vi/vesc P 5 in the
case of an icy body impacting a rocky target. We explore the effect
of varying this parameter in Section 3.3 below.

If vi/vesc P 5, we assume that all vapor produced is lost. We as-
sume that all ice on the impactor is vaporized (Ong et al., 2010) and
that some target ice is vaporized as well. The amount of the target
ice that is vaporized is computed according to Eq. (13) of Kraus
et al. (2011):

log10
Mvap

Mi

� �
¼ �1:71þ 0:0011 K�1T þ 0:6log10½cosðhÞ�

þ 0:27/þ 3ð0:65� 0:1/Þ
2

log10
v2

i

EMð/Þ

	 

ð3Þ

where Mvap is the mass of the vaporized material; T is the ice tem-
perature in Kelvin; / is porosity; and EM is the specific internal en-
ergy required to reach complete melting upon decompression from
the shocked state on the Hugoniot of ice. See Table 3 for the values
used. This equation has been modified to account for the manner in
which the impact angle h is defined in this work. We also note that
both Mvap/Mi and QR=Q 0�RD

� �
ultimately depend on v2

i , so we would
expect vapor erosion and physical erosion to operate in a similar
manner—an expectation which is borne out by our results.

2.6. Provenance calculations

We investigated the extent of radial mixing by tracking the
provenance of the surviving bodies. Each object is assigned a bin
identity (see Table 4) upon first appearance in the disk. Larger ob-
jects will have a mixed composition, consisting of mantle material
sourced from several bins, and similarly for core material. For col-
lisions where only some fraction of a reservoir (e.g., impactor man-

tle) is accreted, the fractional part of the reservoir which accretes is
assumed to have the same compositional mix as the initial (pre-
collision) reservoir. The compositional mix of the final object can
then be calculated.

For each case, the disk was divided into four annuli of equal
mass. The bin divisions were calculated based on the initial posi-
tion of each object. The calculations were performed over the com-
bined list of all bodies from the three runs in each case.

3. Results

3.1. Outcomes of individual collisions

Fig. 2 plots each collision within Run 1a of OI12 as a function of
various parameters. Circles represent collisions which produced an
object which was eventually incorporated into a body which sur-
vived until the end of the simulation. Crosses represent collisions
which produced a body which would eventually be lost from the
system. The circles are color-coded according to which body in-
cluded them at the end of the simulation. Bodies are identified
by their numerical ID# assigned during the simulation.

Fig. 2a plots impact velocity as a function of mass ratio. This
shows that collisions between similar sized bodies (i.e., c � 1) are
rare (and tend to occur only at early time when masses are small;
see Fig. 2d); far more common are impacts between very dissimilar
sized bodies (c� 1). This is a consequence of the fact that large
bodies are trapped in mean motion resonances which inhibit them
from encountering each other. This effect is important because col-
lisions between similar sized bodies have a much higher probabil-
ity of being erosive than do collisions between dissimilar sized
bodies (Eqs. (1) and (2)). Thus, the resonance train has a profound
effect on the erosive state and therefore chemistry of the final
bodies. This is an important point, and one way in which satellite
accretion may be fundamentally different from planetary
accretion.

Table 3
The values and definitions of constants used in this work.

Constant Value and definition First use

c⁄ A material property [Ref. LS12] (5) Eq. (B.4)
EM 8.2 � 105 J/kg Eq. (3)
G Gravitational constant (6.67 � 10�11 m3/kg/s2) Eq. (B.2)
MJ Mass of Jupiter (1.8986 � 1027 kg) –
RJ Radius of Jupiter (6.9911 � 107 m) –
T Ice temperature (150 K) Eq. (3)
�l A material property [Ref. LS12] (0.37) Eq. (B.4)
q1 1000 kg/m3 Eq. (1)
�q Average bulk density (2000 kg/m3) v 0esc ; a; Ri; Rt

/ Ice porosity (0%) Eq. (3)
Vapor production minimum Minimum vi to produce vapor (vi = 6 km/s) Section 2.5
Vapor escape threshold Minimum vi for vapor to escape (vi/vesc = 5) Section 2.5

Table 4
The bounds of each bin for determining provenance (specifically for Case 1). The
edges of the disk set the innermost and outermost bounds and the interior divisions
are determined by the mass to the three runs of Case 1. Bodies are removed from the
simulation when they read 4RJ. Collisions can occur at >30RJ due to the bodies having
been scattered to that distance.

Bin Inner edge (RJ) Outer edge (RJ)

1 5 15.63624
2 15.63624 21.652
3 21.652 26.2344
4 26.2344 30
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Fig. 2b plots the impact velocity as a function of semimajor axis.
Peak impact velocities are higher at smaller semimajor axes and
disruptive collisions are more common at high impact velocities.
The former effect is a result of the higher orbital velocity associated
with proximity to Jupiter. The pink (dash–dot) and green (dash–

dot–dot) lines in Fig. 2b are the orbital velocities, vorb, normalized
by escape velocity for bodies of mass 10�4MJ and 3 � 10�5MJ

respectively. The close match of these lines with the model colli-
sions shows that orbital velocity exerts a strong control on vi.
The distribution of different colors shows that radial mixing, while

Fig. 2. Collision characteristics from Run 1a of OI12. The symbol radius is proportional to mass1/3 and all parts of the figure are at the same scale. The size of each symbol
denotes the mass of the post-impact object. The color of each symbol corresponds to the final body. Final bodies are labeled by their ID# assigned by the code. Crosses
represent collisions involving bodies which will eventually be lost from the system by migration; circles denote collisions involving objects which will survive. (a) vi/vesc vs c.
The black horizontal dashed line is vi/vesc = 5. (b) vi/vesc vs semimajor axis. The solid symbols on the x-axis are the locations and mass of the bodies remaining at the end of the
simulation. The Kepler velocity, vorb, normalized by escape velocity is plotted for mass = 10�4 MJ (pink dash–dot line) and for mass = 3 � 10�4 MJ (green dash–dot–dot line),
(c) QR=Q 0�RD

� �
vs semimajor axis. The black horizontal dotted line is QR=Q 0�RD

� �
=9/5. (d) QR=Q 0�RD

� �
vs time. Time is in units of Kepler times at 20RJ (�0.03 yr). All values shown

here are computed assuming all impacts are perfect merging. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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strong, is imperfect; we discuss this issue further below in
Section 3.4.

Fig. 2c shows the variation in QR=Q 0�RD

� �
as a function of semi-

major axis. The Q R=Q 0�RD

� �
=9/5 line is plotted as a black dotted line;

impacts at or above this line experience supercatastrophically ero-
sive. The maximum Q R=Q 0�RD

� �
is larger for smaller semimajor axes

while the mode increases with increasing semimajor axis. The for-
mer effect is simply due to the higher impact velocity at smaller
semimajor axis, while the latter effect is a consequence of the fact
that the model adds new particles with masses which increase
with increasing semimajor axis (see Section 2.2). The majority of
impacts occur at the lower end of the Q R=Q 0�RD

� �
range.

Fig. 2d shows the temporal progression of QR=Q 0�RD

� �
. In general,

Q R=Q 0�RD

� �
decreases quickly as time progresses due to the rapid de-

crease in c. This means that it is more difficult to erode bodies as
the simulation progresses; however, there are some late supercat-
astrophically erosive impacts.

Fig. 3 compares two different ways of assessing the destructive-
ness of the collisions. The y-axis is QR=Q 0�RD

� �
(see Eq. (1)) which is

an estimate of the energy of the collision normalized by the energy
required to disrupt the system. Collisions with Q R=Q 0�RD P 9=5

� �
are

considered supercatastrophically erosive (see Section 2 for more
detail). The x-axis is the impact velocity normalized by the mutual
escape velocity. This is an important parameter in the vaporization
erosion scenario as vi/vesc = 5 is the threshold above which ice is as-
sumed to be lost from the target by vaporization.

The upper edge to the cloud of data points in Fig. 3 is due to the
definition of QR=Q 0�RD

� �
(Eq. (1)); as c approaches unity,

QR
Q 0�RD
/ a1:445ðv i=vesc Þ2

M2=3
R

(see Appendix B). The collisions along this line

are all small masses (as can be seen by the small symbol radius)
because equal-sized collisions tend to only happen very early in
the simulation. Similarly, the bottom edge of the data cloud is a re-
sult of very small c collisions which occurred late in the simulation.
The existence of points with vi/vesc < 1 is due to impacts occurring
deep in Jupiter’s gravity well. For these impacts, higher order terms
must be included to calculate vesc properly and thus the approxi-
mation v2

esc � 2GM
R is not sufficiently precise.

The vast majority of impacts occur in the lower left quadrant,
which corresponds to total accretion in the vapor erosion scenario
and imperfect accretion in the physical erosion case. Collisions
involving erosion affect the bulk chemistry. The impacts which oc-
cur in the supercatastrophically erosive regime QR=Q 0�RD P 9=5

� �
tend to be low mass; this is because these collisions tend to occur
early in time (see Fig. 2d). The lower right quadrant (vi/vesc P 5 and
Q R=Q 0�RD < 9=5
� �

) has a few collisions of varying total masses. For
physical erosion, the lower right quadrant is imperfect erosion, just
the same as the lower left quadrant. In the vapor erosion scenario,
this quadrant corresponds to impacts which result in vapor loss
and is the only quadrant which can change the bulk chemistry. Be-
cause relatively few collisions occur in this quadrant, one would
expect the effect of vapor loss to be small, as indeed we find below
(Section 3.3).
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Fig. 3. Collisions for Run 1a. The vertical red dash–dot line is at v i
vesc
¼ 5, which is the

threshold at which vapor produced can be lost (see Section 2). The horizontal blue
dashed line is at QR=Q 0�RD

� �
=9/5, which is the threshold above which an impact

results in a supercatastrophically erosive event. Circles denote collisions which
eventually result in a surviving body; crosses denote collisions involving bodies
which are eventually lost from the system. Each final body is color-coded. Symbol
radius is proportional to the cube root of the total collisional mass. Each quadrant is
labeled with the type of collision represented in each scenario (‘P’ for the physical
erosion scenario and ‘V’ for the vapor erosion scenario). All values shown here are
computed assuming all impacts are perfect merging. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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3.2. Physical erosion scenario results

Fig. 4 shows the mass and fice evolution of all surviving bodies of
Run 1a. The top panel shows the mass in the perfect merging sce-
nario, the middle panel shows the mass in the physical erosion sce-
nario, and the bottom panel shows fice assuming physical erosion
with fice = 0.55 initially. The top and middle panels have the same
range so the difference in masses caused by the different accretion
modes can be seen. The most stark difference is probably body 20
(shown in red) which has a very large mass gain at 3.757 � 106

time units in the case of perfect merging and only a modest gain
when physical erosion is taken into account. This is the result of
two impacts which occurred in very close succession (<100 time
units). In the perfect merging case, c = 0.370 for the first impact
and c = 0.597 for the second impact and thus the mass more than
doubled over the course of these two impacts. However, for the
physical erosion case, the first impact was a hit & run event (which
results in no mass increase, see Section 2.3) while QR=Q 0�RD

� �
=0.309

for the second impact. Thus, the total mass gain over these two

impacts is much reduced in the physical erosion scenario com-
pared to the perfect merging case. Physical erosion affects the mass
growth rate and the ultimate total mass for all bodies. Occurrences
of mass loss are not visually discernible on this plot scale but did
occur.

In the bottom panel of Fig. 4, we see how the ice fraction of the
final bodies changes over time. There are dramatic decreases in fice,
which can be caused by an accretionary impact between two ob-
jects with very dissimilar fice values or by a very erosive impact be-
tween two objects of similar fice values or by some combination of
both; in all cases, collisions with large c are the most effective at
changing fice. In between these dramatic collisions, the rate of
change of fice is much more gradual and is primarily due to colli-
sions with low c. These collisions can increase or decrease the va-
lue of fice, depending on the target and impactor fice values and on
the collision style.

Fig. 5 shows, for the final bodies of Run 1a, (a) fice as a function
of semimajor axis, (b) their provenance for the case of perfect
merging, and (c) their provenance for the case of physical erosion.

Fig. 5. (a) The final ice fractions as a function of semimajor axis for the surviving bodies of Run 1a. Surviving bodies are color-coded and labeled with the ID assigned by the
simulation. Results under perfect merging are shown as hollow circles and results using the physical erosion scenario are solid. The cross-hatched circles are the actual
Galilean satellites. Symbol radius is proportional to the cube root of mass. The solid magenta line shows the initial fice composition. The bin locations are marked. (b) The
provenance of the bodies at the end of the perfect merging simulation. (c) The provenance of the bodies at the end of the simulation using the physical erosion scenario. In the
pie charts, blue colors are mantle bins and brown colors with diagonal scoring are core bins. The definition of the bins and the calculation of provenance is given in Section 2.6.
The values for the Galilean satellites are given in Table 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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The top panel of Fig. 5 shows fice in the case of perfect merging (hol-
low symbols), physical erosion (solid symbols) and the actual Gal-
ilean satellites. Perfect merging obviously results in no change in
fice from the initial flat fice value.

Physical erosion lowers fice for all bodies while final masses are
also smaller than for perfect merging, as expected. Interior bodies
generally suffer a slightly larger reduction in fice due to their higher
orbital velocities (see discussion of Fig. 2). However, the resulting
compositional gradient is modest and very different from that ob-
served. The differences in final fice amongst the different cases are
subtle and none of the results from any of the 21 cases matches the
pronounced variation of fice found in the Galilean satellites. We de-
fer discussion of provenance until Section 3.4.

3.3. Vapor erosion scenario results

For a flat initial fice, the vapor erosion results of Run 1a (not
shown) look similar to the physical erosion results except with
even less erosion. Body 20 experienced the most compositional
change in both scenarios; its final fice was 0.53 for vapor erosion
and 0.48 for physical erosion. The inclusion of a velocity threshold
below which all vapor produced is gravitationally bound to the
body precludes large changes in fice. A much steeper final fice gradi-
ent can be developed if the vapor escape threshold is relaxed; how-
ever, the gradient thus produced still does not match the
observations. Even with a vapor escape threshold of vi/vesc = 2
(which is not supported by the results of Ong et al. (2010)), the
Europa-analogue body in Run 1a (body 573) is far too ice-rich

when compared to actual Europa: fice = 0.44 versus the inferred va-
lue of 0.08.

Thus, as with the physical erosion scenario, the vapor erosion
scenario fails to match the observed data. This is in contrast to
the results reported in Section 3 of OI12, where vaporization was
reported as being able to produce a compositional gradient from
a flat initial fice. The difference arises because OI12 assumed a
threshold for vapor escape of vi/vesc = 1, which as argued above is
probably too low.

3.4. Provenance results

The extent to which any initial compositional gradient (e.g., an
ice line) can be maintained depends on the degree of radial mixing.
As noted in the discussion of Fig. 2b, radial mixing is quite exten-
sive. To further demonstrate this effect, in Fig. 6 we plot histograms
showing the initial radial distribution of mass which goes into the
make-up of each surviving body. The final locations of the four sur-
viving bodies are also marked. All bodies experienced extensive ra-
dial mixing; as a result, as we show below, it is difficult to maintain
an initial compositional gradient.

3.4.1. Physical erosion scenario with initial fice = 0.55
Pie charts showing the provenance according to the physical

erosion scheme of the ice (mantle) and rock (core) reservoirs of
all surviving bodies for Run 1a are shown in Fig. 5b and c. Exami-
nation of all runs shows that radial mixing is generally important
although some variation occurs. The exact composition of a given
body is a stochastic processes. Thus exact predictions are difficult.
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However, the outermost body has systematically less material
from the inner bins (c.f., Fig. 6), presumably because it has not mi-
grated as far. The extent to which an initial radial compositional
gradient can be maintained despite radial mixing is examined in
Section 3.4.3.

The effect of the physical erosion scenario on provenance for
initial fice = 0.55 is shown in part (c) of in Fig. 5. The fundamental
effect of the physical erosion scenario is to increase the rock con-
tent of each body, but not to change to radial compositional gradi-
ent significantly. The exact mass ratio for each bin is affected as
well but in an unpredictable pattern, due to the stochastic nature
of impact histories and mass removal.

3.4.2. Vapor erosion scheme with initial fice = 0.55
As the vapor erosion scheme results in little modification to the

initial fice composition, we do not show provenance breakdowns for
the vapor erosion scenario with initial fice = 0.55 because the final
compositions are nearly unchanged from the perfect merging case.

3.4.3. Radially varying initial fice

Due to the failure of the simple constant initial fice model to
match the observations (Fig. 5), we also assessed the possible ef-
fects of having a radially-varying initial ice:rock ratio in the disk
which is also expected based on theoretical grounds (Lunine and
Stevenson, 1982).

To do so, we divided the disk into four bins (see Section 2.6) and
for each run, iterated over all possible monotonic gradients with
bin 1 2 [0,0.2], and bins 2–4 2 [0,1] using 0.1 increments. The ini-
tial gradient which resulted in the smallest least-squares misfit be-
tween fice of the model bodies and fice of the equivalent Galilean
satellite was recorded. In Fig. 7a–c, we show the results for Run
1a. Part (a) shows the ice fraction (for perfect merging and for

physical erosion scenario), part (b) shows the provenance for per-
fect merging, and part (c) shows provenance in the physical ero-
sion scenario. In the constant initial fice analysis (Fig. 5), perfect
merging resulted in constant fice in the surviving bodies. This is
no longer the case when initial fice content is variable because there
are three independent variables for each collision: fice of the target,
fice of the impactor, and c. This additional degree of freedom breaks
the symmetry and results in fice variation amongst the surviving
bodies under the assumption of perfect merging.

For Run 1a, in neither the perfect merging case nor the physical
erosion case does the shape of the final fice values match the values
of the Galilean satellites. This is because disruption of the eccen-
tricity trap causes efficient radial mixing, making it impossible to
simultaneously match the low fice values of the inner bodies and
the high fice values of the outer bodies.

We also examined Case 6, which maintains an eccentricity trap
throughout the simulation runs and also uses a slower speed for
type I migration. The results for the best-fit gradient for Run 6c
assuming physical erosion are shown in Fig. 7d–f. The provenance
plots (Fig. 7e and f) show that there is radial mixing, but it is less
efficient compared to Run 1a. The best-fit model variation in fice

with distance (Fig. 7d) is a closer match to the observations, but
the inner two bodies are still too ice rich, and the steep jump in
ice fraction between Europa and Ganymede is not reproduced. If
an additional mechanism could remove ice preferentially from
the inner bodies, the match would be significantly improved.

We also examined the effect that a radially-varying initial fice

composition has when used with the vapor erosion scenario and
found it to be very similar to the physical erosion case. Even when
erosion, an initial fice gradient and slow type I migration are in-
cluded, the low ice content of Io and Europa and the steep gradient
between Europa and Ganymede are still not reproduced (Fig. 7d).

Fig. 7. (a–c) Run 1a and (d–f) Run 6c. The initial fice gradient is the minimum misfit gradient for the physical erosion regime for each run. Note that significant radial mixing is
still present in both runs although Run 6c does come closer to reproducing the shape of the Galilean satellite observations. When computing the minimum misfit gradient for
Run 6c, the following pairs were used: #33 – Io, #570 – Europa, #576 – Ganymede, and #791 – Callisto. Symbology is as in Fig. 5.

C.A. Dwyer et al. / Icarus 225 (2013) 390–402 399



Author's personal copy

4. Discussion

We may summarize our findings as follows.
First, neither form of mass loss (physical or vapor erosion) can

account for the observed gradient in satellite composition. This is
primarily because large bodies are prevented from colliding with
each other by resonances. Second, satellites accrete material from
a wide range of semimajor axes (primarily due to inwards migra-
tion). As a result, any initial radial compositional gradient is diluted
to such an extent that the observed gradient cannot be reproduced.
Third, even a combination of these effects cannot reproduce the
observed pattern.

These conclusions are important because, if correct, they sug-
gest that some additional physical mechanism (e.g., differential ti-
dal heating) must be invoked to explain the observations. Below,
we examine the likely robustness of our conclusions. We then go
on to discuss what implications our findings might have for other
systems of interest.

4.1. Robustness

Our modeling of mass loss probably overestimates the true
change in ice mass fraction for three reasons. (1) We intentionally
overpredict the ice lost in collisions (Marcus et al., 2010). (2) Some
of the initially-ejected material will re-accrete on short timescales
(c.f., Benz et al., 2007). (3) Furthermore, if there are impacts into
undifferentiated objects, physical erosion will not change their
overall ice mass fraction, and the amount of vapor production will
be diminished. Thus, our conclusions regarding mass loss are prob-
ably robust, with two possible exceptions which we discuss below.

First, if the vapor escape threshold is as low as 2vesc, steep com-
positional gradients can be generated (Section 3.3). The available
physical modeling (Ong et al., 2010) does not support such a low
threshold. However, because that modeling was Cartesian, it is
possible that future models in which the sphericity of target and
impactor are taken into account may yield different results. An-
other possible way to erode more vapor would be if a steam atmo-
sphere were produced in an impact and then partially eroded via a
subsequent impact (Genda and Abe, 2005).

Second, if impact velocities were significantly higher than those
found by OI12, a compositional gradient might result. However,
higher velocities are hard to justify during the main accretion
stage, when eccentricities are being damped by the presence of
gas. Late-stage, high-velocity impacts arising due to e.g. a reorgani-
zation of the outer Solar System architecture (Gomes et al., 2005)
might cause significant ice loss. However, Nimmo and Korycansky
(2012) investigated this possibility and found that, even with a va-
por threshold of 1vesc, Europa would only have lost about 25% of its
initial water inventory. Thus, neither exception seems particularly
likely.

One limitation of the method adopted here is internal inconsis-
tencies regarding collision outcomes. The N-body code treats all
impacts as perfect mergers and yet in the post-processing chemis-
try step, we calculate the mass of the largest final body according
to LS12 and neglect the existence of all smaller final bodies. Thus,
our calculated chemistry and disk orbital evolution are not inter-
nally consistent. Presently, all studies of the accretion of the Gali-
lean satellites assume perfect merging; however, a recent study
of terrestrial planet accretion (Chambers, 2013) did include imper-
fect accretion and fragmentation in an approximately self-consis-
tent way. The results are not very different from simulations in
which all collisions are treated as perfect mergers. In particular,
very few bodies experienced significant changes in their iron:sili-
cate mass ratios, suggesting that physical erosion was not an
important process. We therefore anticipate that satellite simula-

tions in which imperfect accretion is included are unlikely to yield
results substantially different from those presented here; confir-
mation of this expectation will have to await future studies.

The extent to which migration dilutes any initial compositional
gradient (Figs. 5 and 7) is a perhaps surprising result of our inves-
tigation. To verify this result, we compared our calculations with
those of Run 2a of OI12, in which a time-varying ice line was intro-
duced (their Fig. 5). These authors found that the failure of the
eccentricity trap resulted in inward migration of bodies initially
formed in the outer regions of the disk, producing significant radial
mixing. They found final ice fractions P40% for all bodies. For our
calculations we used perfect merging for all impacts and set initial
fice values to 0.0 for bins 1–2 and 0.67 for bins 3–4. We found final
fice values of 25–50%, which is a reasonable match to OI12, given
the differences in how the ice line was treated.

Although mixing in Run 2a is enhanced due to the failure of the
eccentricity trap, inspection of Run 6c (Fig. 7) and the other runs
(not shown) demonstrates that even when the eccentricity trap
survives, radial mixing is still sufficiently strong that it is hard to
reproduce the observed steep gradient. Similarly, a slow rate of
type I migration (Case 6) results in less radial mixing but is still un-
able to reproduce the observed fice pattern. Some additional physics
appears to be required.

One possibility which should be examined with future models
is the time-variable position of the ice line (an effect we have not
examined). The one case examined by OI12 resulted in an initially
strong compositional gradient, which was then destroyed when
the eccentricity trap failed. It is possible that similar cases in
which the eccentricity trap survived might produce outcomes
resembling the actual Galilean satellites.

Another possibility which deserves serious attention—and
which we discuss briefly below—is volatile loss through tidal heat-
ing. The loss mechanism on Io is presumably volcanism (water par-
titions efficiently into melt and is then lost along with the escaping
fraction of erupted plume material). The putative loss mechanism
on Europa is much less obvious, but the example of Enceladus sug-
gests that cryovolcanism should be considered as a possibility.
Some Galileo observations have been interpreted as evidence for
either past (Fagents, 2003) or ongoing (Saur et al., 2011) cryovolca-
nic activity on Europa.

A final possibility is modification of ice:rock ratios due to late-
stage (post-accretional) impacts. Although Nimmo and Korycansky
(2012) examined the effect of a late heavy bombardment on vapor
production and ice loss, the effect of physical erosion in this case
has not yet been quantified. Alternatively, perhaps additional icy
material (e.g., comets) was preferentially added to the outer
satellites.

4.2. Tidal heating

The orbital and thermal evolution of the Galilean satellites is a
complex, coupled problem (Ojakangas and Stevenson, 1986; Huss-
mann and Spohn, 2004). Nonetheless, we can develop simple argu-
ments that suggest that tidally-driven volatile loss on Europa is a
plausible mechanism. As discussed in Section 1, Europa retains
some of its volatiles (probably 10% of its original complement).
This requires that whatever process is responsible for volatile loss
has stopped just short of completion, perhaps suggesting that we
are seeing Europa at a special time.

Although tidal heating occurs mostly within Io at the present
day, simulations show that Europa may have undergone periods
of intense tidal heating in the past (Hussmann and Spohn, 2004).
To estimate the maximum likely heat production, we will assume
that the resonance is in equilibrium (i.e., eccentricities are con-
stant). Using Eq. (10) of Fischer and Spohn (1990), it may then be

400 C.A. Dwyer et al. / Icarus 225 (2013) 390–402



Author's personal copy

shown that the total rate of tidal heat production _H, if concentrated
in a single body, is given by

_H ¼ 21
2

n5R5

G
kJ

Q J

1
f

ð4Þ

where n and R are the mean motion and radius of the satellite, kJ

and QJ are the Love number and dissipation factor of Jupiter, and f
is a numerical constant (64.7 for Io and 0.94 for Europa). In equilib-
rium, the rate of energy production depends on kJ/QJ but not on the
properties of the satellite itself (e.g., Meyer and Wisdom, 2007).
Taking kJ/QJ = 1.1 � 10�5 (Lainey et al., 2009) we find
_H ¼ 0:62� 1014 W for either satellite. For Io, this value yields a sur-
face heat flux of 1.5 W m�2, similar to that observed, while for Euro-
pa, it is similar to the peak Europa dissipation rates calculated in
numerical models (Hussmann and Spohn, 2004).

To convert tidal heating to a volatile loss rate, we assume that
all this energy is used to remove material from the satellite’s grav-
ity well (c.f., Canup and Ward, 2009; Sánchez-Lavega, 2011, Sec-
tion 2.4.1.4). We may then write

DM
M
�

_HRt

GM2 � ð5Þ

where DM is the mass lost, M is the satellite mass, R is its radius, t is
the total duration of the heating event(s) and � is an (unknown) effi-
ciency factor. Taking _H � 1014 W, for significant mass loss to occur
we find that �t � O(10 Myr). Thus, if the efficiency factor � � 1,
Europa need have only been in an Io-like state for 10 Myr for exten-
sive volatile loss to have occurred. Simulations show that the total
duration of such states is more likely of order 100 Myr (Hussmann
and Spohn, 2004). Alternatively, a lower heat production rate cou-
pled with a longer duration could equally well satisfy this con-
straint; for example, if _H � 1012 W, which might be a reasonable
present-day Europa value (Canup and Ward, 2009), and � � 1, then
Eq. (5) can be satisfied with t � 3 Gyr. Of course, the actual effi-
ciency factor is unknown; nonetheless, this analysis suggests that
tidally-driven volatile loss deserves closer scrutiny in future.

4.3. Implications

The saturnian satellite system is quite different from the Gali-
lean system: only one satellite comparable in mass to the Galilean
satellites is present (Titan); and satellite densities, while highly
variable, do not show an orderly progression. How might these
observations be interpreted in the context of our results?

The saturnian satellites are expected to have undergone in-
wards migration in a manner analogous to the jovian satellites
(Canup and Ward, 2006; Sasaki et al., 2010). Thus, we would expect
any initial compositional gradient to be smeared out, as with the
Jupiter case. However, it has been suggested that, unlike its jovian
equivalent, the saturnian proto-satellite disk did not develop a per-
sistent inner edge (Sasaki et al., 2010). As a result, continuous in-
wards migration and satellite loss occurred (Canup and Ward,
2006), rather than satellites piling up in a resonance train. This
in turn means that collisions between satellites of similar masses
were more likely to have occurred than in the jovian system. Fur-
thermore, because the saturnian satellites are mostly small, the
quantity vorb/vesc, which controls the degree of mass loss, will have
been larger than in the jovian system. These two factors mean that
saturnian satellites are much more likely to have experienced col-
lisions that profoundly altered their bulk composition. Collisions of
this kind have been modeled by both Sekine and Genda (2012) and
Asphaug and Reufer (2012). Since these large collisions are invari-
ably stochastic, the density variations observed between the satur-
nian satellites can reasonably be attributed to their differing
accretion histories, though at least in the case of Enceladus, tidal

heating may also have played a role. Further investigation of how
collision styles change as a result of differing disk conditions cer-
tainly seems warranted.

The accretion of the terrestrial planets probably differed from
both the saturnian and jovian systems. Perhaps most fundamen-
tally, inwards radial drift (and the attendant trapping into reso-
nances) was likely less important in the penultimate stages of
terrestrial planet accretion. As a result, although radial mixing cer-
tainly still occurred (O’Brien et al., 2006), it was probably less effi-
cient than for the Galilean satellites. For instance, the existence of
distinct oxygen isotope reservoirs for (at least) the Earth–Moon
system, Mars and Vesta (e.g., Lodders, 2000) limits the amount of
mixing that could have occurred. Earth, Venus and Mars all appear
to have roughly the same iron:silicate ratios, which is consistent
with them not having experienced massively erosive impacts
(though at least for the Earth, crustal erosion by impacts may have
been chemically important (O’Neill and Palme, 2008)).

5. Conclusions

In attempting to reproduce the observed compositional gradi-
ent in the Galilean satellites, we have investigated two possibili-
ties: the existence of an ice line; and impact-driven volatile loss.
Neither hypothesis alone is capable of reproducing the observa-
tions, owing to the efficiency of radial mixing and the relative
dearth of disruptive collisions, respectively. Even a combination
of the two effects does not produce a good match to the Galilean
satellites. Some further mechanism appears to be required, per-
haps volatile loss driven by tidal heating or a late-stage bombard-
ment. The saturnian system provides an important additional case
study with which these alternatives can be tested.
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Appendix A. Calculating styles of impact

Impacts are divided into two types based on impact angle
(‘grazing’ and ‘nongrazing’) and then are further divided into im-
pact styles on the basis of impact velocity. Impact styles are de-
scribed in Section 2.3.

The threshold velocities used to determine impact type are from
Leinhardt and Stewart (2012) and are given in terms of velocity di-
rectly as well as the corresponding QR=Q 0�RD

� �
value.

1. v 0esc ¼ ð2GÞ1=2 4p
3 q
� �1=6M1=3

R
1þac
1þc

� �1=3
. v 0esc is the geometry-modi-

fied escape velocity. (q is the density of the target and impactor,
which are assumed to be identical.)

2. veros ¼ 2ð1þ cÞQ 0�RD

� �1=2 and QR
Q 0�RD
¼ 2c

1þc. veros is defined as the
boundary at which the largest final body is equal in size to
the target.

3. vsupercat ¼ 3ð1þ cÞ 2Q 0�RD
5c

� �1=2
and QR

Q 0�RD
¼ 9

5. vsupercat is defined as the
boundary at which MF = 0.1MR.

Appendix B. Extended Q R=Q 0�RD

� �
derivation

The details and the extension of QR=Q 0�RD

� �
are presented here.

The reduced specific impact energy, QR, is defined as:
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Q R ¼
cv2

i

2ð1þ cÞ2
ðB:1Þ

The catastrophic disruption criterion, Q 0�RD, is defined in LS12 as:

Q 0�RD ¼
Gc�

5

� �
ð4pq1Þ

1=3 1=aþ c
1þ c

� �2�3�l
2 ð1þ cÞ2

4c

" # 2
3�l�1

ð3MRÞ2=3 ðB:2Þ

� 1:061� 10�9 m2

kg2=3s2

 !
1
a
þ c

� �1:445

ð1þ cÞ0:15860c�0:801

M2=3
R ðB:3Þ

where �l; c�; q1 are material properties defined in Table 3. Note
that some of the exponents in Eq. (B.3) are approximate.

Therefore the combined term QR=Q 0�RD

� �
is:

Q R

Q 0�RD

¼ 5 2
4

3�l�3

c�Gð4pq1Þ
1=332=3

" #
ð1þ cÞ

2�3�l
2 �
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1
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2
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i
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i
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3�l
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1
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� �3�l
2 �2

c
2

3�l
v i
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Note that some of the exponents in Eq. (B.5) are approximate. Eq.
(1) is specifically the formulation for the gravity-regime which
material strength is unimportant.
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